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Abstract
Three-dimensional numerical simulations are run on a cylindrical electrical transformer that
is generating heat in order to study the resulting natural convection that is driven by density variation.
The transformer generates a constant heat flux and is incased in a sleeve with radial fins. At first, the
sleeve is analyzed without fins and compared to an analytical solution in order to validate the
numerical simulations. Next, fins are added to the sleeve in order to maximize the heat
transfer from the transformer. Heat transfer from the sleeve per number of fins is to be determined.
Small pins are then added to the channels between the fins in order to perturb the flow
and thermal boundary layer with the goal of increasing heat transfer. Results show that adding the
pins to both the base and fins increases heat transfer but adding pins to the base alone does not
guarantee an increase in heat transfer.
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1. Introduction
Heat augmentation with the use of fins has been studied extensively for many different
applications. Fin shape, convection type, material selection, manufacturability, and fin array geometry are
all factors that are considered to increase heat transfer. Pin and fin density on a heat sink was evaluated
experimentally and found the optimal spacing, height, and cross-section for aluminum pins and fins in low
velocity applications [1].
Small scale electrical devices rely on fin or topology optimization in order to maximize heat
transfer while adhering to strict space requirements. Topology optimization was initially used in structural
engineering to design members that minimize weight while maximizing strength. The same technique can
be directly applied to conduction heat transfer problems to numerically generate optimized geometries
that maximize heat transfer [2]. Finite element computational codes have been developed that use a
material’s thermal conductivity as the design variable. The temperature of the control region can then be
reduced by adding or subtracting material from individual elements [3]. Codes to perform geometric
topology optimization are available for numerous readily available software packages such as COMSOL
and MATLAB [4-5].
Buoyancy forces developed by differences in fluid density are the driving forces in natural
convection. Many studies have been conducted on optimizing fins in natural convection. Numerical
schemes have been used to determine the optimal distance between vertical channels in natural
convection, with the intent of applying the findings in small electronic packaging [6]. Temperature
differences, plate separation distance, and plate length were also investigated numerically using a threedimensional finite volume CFD code [7]. Experimental results have also been obtained for free convection
between two horizontal plates as a function of the plate width [8], as well as heat transfer coefficient
correlations for vertical and horizontal free surfaces in buildings [9]. Several numerical and experimental
1

studies have been conducted on adding obstructions to vertical channels in natural convection in order
to disturb the thermal boundary layer and increase heat transfer [10-12].
Examinations of the development of thermal boundary layers have been a popular research topic
over the last century. When fluid flow passes over a plate, both thermal and velocity boundary layers
develop. In these regions, where either the velocity or the temperature is less than or equal to 99% of the
free-stream values, heat transfer is reduced. This is an important phenomenon, and therefore numerous
experimental and numerical studies have been done in order to develop relationships to express the
length and thickness of the boundary layer. One such study experimentally examined the correlation
between Rayleigh number and boundary layer thickness in both laminar and turbulent regimes [13].
Conclusions from these types of studies are to minimize the boundary layer thickness in order to maximize
heat transfer. Disturbing the flow using obstructions is one method of minimizing boundary layer
thickness.
Traditional methods of manufacturing heat sinks have been perfected over the years. Different
categories of heat sinks require different manufacturing techniques. Such categories of heat sinks include
passive heat sinks, which rely solely on natural convection for cooling, semi-active heat sinks which use
fans that already exist in the system, active heat which rely on forced convection from a dedicated fan,
liquid cooled devices that used circulated water or oils in order to cool the array, or phase change devices
that use boilers and condensers to dissipate heat [14]. Creating the pin arrays for these categories employ
several different methods. Firstly, stamping conductive metals like copper and aluminum into the desired
shape is a low-cost technique and also can produce high volumes, but cannot handle large temperature
differences. Extruding and machining fins is another option that can produce intricate 2D shapes that can
be used in high heat gradients. Drawbacks on this method include high costs of manufacturing and low
output capacity. Bonding fins to base plates using highly conductive epoxy increases the surface area of
heat sinks in order to take advantage of convective heat transfer. Pins and fins can also be cast using sand
2

dies in order to produce high density arrays at an increased manufacturing cost. Lastly, folding sheet metal
into fins can be accomplished, at the detriment of fin efficiency.
Manufacturing techniques have been improving drastically over the past decades due to
technological advances. Before, only simple pin and fin designs could be used in order to increase heat
transfer since complex shapes were either impossible to create or were simply too cost prohibitive to
justify the improvements. 3D printing advancements have started to make manufacturing the complex
shapes produced by topology optimization a reality. When it comes to producing these shapes for metal
fins, additive layer manufacturing, or ALM, is the method of choice. Recent experiments have been
conducted on fins that have manufactured using ALM to produce the optimized topology in order to
maximize heat transfer in a given volume [15]. ALM can produce all the same shapes as the previously
discussed techniques and requires little labor or production expertise. Another modern manufacturing
technique is micro deformation technology, or MDT, which uses a fixed tool that passes over a section of
material to deform the piece into pin and fin patterns [16]. Unlike machining or etching, MDT does not
deplete material but rather just deforms the base material into the desired shape which saves money and
resources.
In conclusion from the literature search, there is a lack of 3D numerical simulation data for large
scale fins in natural convection that use horizontal fins in order to disturb the flow through the vertical
channels. An investigation into whether adding these pins to the vertical channels will increase the heat
transfer coefficient by disturbing the thermal boundary layer will tie several of the main topics together
into one large scale CFD simulation. Due to the advances in manufacturing techniques, producing this pin
and fin configuration will no longer be an issue.
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2. Problem Statement
A 3D numerical simulation is conducted using SolidWorks Flow Simulation 2016 on a large
cylindrical electrical transformer that is generating a constant heat density of 2500 W/m3 and is being
cooled by natural convection. The transformer is encased in a cylindrical sleeve that will incorporate fins
in order to reduce the maximum temperature of the transformer volume. The number of fins on the sleeve
will be ranged from 30-60 in an increment of 10 fins in order to observe the heat transfer coefficient as a
function of number of fins. Next, small horizontal pins will be placed on the sleeve base with the goal of
disturbing the flow and therefore decreasing the thermal boundary layer. Finally, the pins are extended
to cover the height of the fins as well to further disrupt the flow and maximize heat transfer. Fin geometry
and number are kept constant for the three simulations.
The transformer geometry is generated in SolidWorks and can be seen below in Fig. 1-3 for the
three different configurations for the first test case of 30 fins. Transformer diameter is 2.7m, and the
sleeve diameter is 3m. Length in the y-direction is 3m. The fins extend 0.25m from the sleeve and are
0.1m in thickness. The pins add an additional 0.01m in the radial direction to the sleeve and are equally
spaced down the length of the transformer, with 6 pins in total per channel. Such a large geometry is used
by design in order to study the flow up the channels that is produced by natural convection.
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Figure 1: Default configuration- transformer with 30 fins without pins.

Figure 2: Configuration 1- transformer with 30 fins with pins on the base of the sleeve only.

5

Figure 3: Configuration 2- transformer with 30 fins with pins on the base of the sleeve as well as the fins.

A 2D simplification is made in order to use an analytical solution to validate the numerical model.
A 1m section cut is made from the top of the transformer in order to make the simplification; all heat
transfer results will be on a per-unit length basis. Since analytical solutions require an easily define
boundary, the sleeve is analyzed without fins or pins to create a cylindrical model. Figure 4 shows the
greatly simplified geometry that will be analyzed analytically. The temperature profile through the sleeve
will be determined using a constant convective heat transfer coefficient on the outside surface of 30
W/m2-K. Ambient temperature is assumed to be a constant 305 K.
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Figure 4: Simplified geometry used to solve an analytical solution that will be used to validate the
numerical simulations.

The transformer and sleeve are both Al 6061, with material properties as defined in the
SolidWorks library. Figure 5 below shows the properties as defined in SolidWorks.

Figure 5: Material properties for Al 6061 from SolidWorks material library. Thermal conductivity will be
used in the analytical solution.

2.1 Analytical Solution
With the simplifications made to the geometry as seen in Fig 2. and assuming the cylinder is long
in the axial direction, the problem can be reduced to 1D and can be solved analytically. We begin with the
1D heat equation in cylindrical coordinates:
1 𝜕
𝜕𝑇
𝜕𝑇
[𝑘𝑟 𝑟 ] + 𝑞 ′′′ = 𝜌𝑐
𝑟 𝜕𝑟
𝜕𝑟
𝜕𝑡
7

(1)

Where q’’’ is the heat generation density, kr is the thermal conductivity in the radial direction, T is
temperature, t is time, r is the radius, ρ is the density, and c is the specific heat. Since heat generation only
appears in the solid transformer, it can be removed from Eq. (1). q’’’ will instead be represented as a
boundary condition on the inner surface. Since kr is assumed constant, it can be removed from the
brackets and moved to the other side of the equation. Therefore Eq. (1) reduces to:
𝜕 2 𝑇 1 𝜕𝑇 1 𝜕𝑇
+
=
𝜕𝑟 2 𝑟 𝜕𝑟 𝛼 𝜕𝑡

(2)

Notice that α, thermal diffusivity, has been introduced to simplify the equation. Boundary conditions for
problem 1 are:
𝜕𝑇
|𝑟 = 𝑞′′′
𝜕𝑟 𝑖

(3)

𝜕𝑇
|𝑟 = ℎ(𝑇 − 𝑇∞ )
𝜕𝑟 𝑜

(4)

−𝑘

−𝑘

For simplicity’s sake, dimensionless variables are introduced to normalize the equations. They are defined
by:
𝑟
𝑟𝑠

(5)

𝑇 − 𝑇𝑏
𝑇𝑠

(6)

𝑡
𝑡𝑠

(7)

𝑟̅ =

𝑇̅ =

𝑡̅ =

Where the subscripts s and b represent scales and the base respectively. Applying the normalizing
variables to Eq. (1):
𝑇𝑠 𝜕 2 𝑇̅
1 𝑇𝑠 𝜕𝑇̅ 1 𝑇𝑠 𝜕𝑇̅
+
=
2
2
𝑟𝑠 𝜕𝑟̅
𝑟̅ 𝑟𝑠 𝑟𝑠 𝜕𝑟̅ 𝛼 𝑡𝑠 𝜕𝑡̅
8

𝑇

Dividing through by 𝑟 𝑠2 yields:
𝑠

𝜕 2 𝑇̅ 1 𝜕𝑇̅ 1 𝑟𝑠2 𝜕𝑇̅
+
=
𝜕𝑟̅ 2 𝑟̅ 𝜕𝑟̅ 𝛼 𝑡𝑠 𝜕𝑡̅
To select the scaling value, rs, the problem is inspected for important reference geometries. In this case,
ro is of significant importance, so it is chosen to be rs. Therefore, the equation above becomes:
𝜕 2 𝑇̅ 1 𝜕𝑇̅ 1 𝑟𝑜 2 𝜕𝑇̅
+
=
𝜕𝑟̅ 2 𝑟̅ 𝜕𝑟̅ 𝛼 𝑡𝑠 𝜕𝑡̅
From here, a time scale, ts is to be selected. Since there is no relevant time scale introduced in the problem
statement, ts is chosen in order to simplify the equation as much as possible. From inspection, choosing ts
to be ro2/α simplifies the equation to:
𝜕 2 𝑇̅ 1 𝜕𝑇̅ 𝜕𝑇̅
+
=
𝜕𝑟̅ 2 𝑟̅ 𝜕𝑟̅
𝜕𝑡̅

(8)

Equation (8) represents the normalized 1D heat equation for problem 1. Now the boundary conditions
are normalized using the same procedure. Equation (3) becomes:

−𝑘

𝑇𝑠 𝜕𝑇̅
|𝑎 = 𝑞′′
𝑟𝑜 𝜕𝑟̅

Where q’’ is the heat flux on the inner surface of the sleeve as a result of the heat density, q’’’, produced
by the transformer. q’’ is calculated by:

𝑞 ′′ =

𝑞′′′𝑉
𝐴

Since the geometry is assumed 2D, the volume and area of the cylinder are per unit length. Hence,
𝜋𝑟𝑖 2 and 𝐴 = 2𝜋𝑟𝑖 . Simplifying:

9

𝑉=

𝜕𝑇̅
𝑞′′𝑟𝑜
|𝑎 = −
𝜕𝑟̅
𝑘𝑇𝑠
Where a is ri/ro. Ts is now selected. Since there is no significant temperature scale in the problem, Ts will
be chosen to simplify the equation much like the selection of ts. By choosing Ts to be q’’-ro/k will give:
𝜕𝑇̅
|𝑎 = −1
𝜕𝑟̅

(9)

Which is the normalized boundary condition on the inner surface of the sleeve. Applying the same
procedure to Eq. (4) gives:

−𝑘

𝑇𝑠 𝜕𝑇̅
|1 = ℎ(𝑇̅𝑇𝑠 + 𝑇𝑏 − 𝑇∞ )
𝑟𝑜 𝜕𝑟̅

The base temperature, Tb is now selected to be T∞ for simplicity. By plugging in Ts and rearranging, the
second normalized boundary condition is:
𝜕𝑇̅
|1 = −𝐵𝑖𝑇̅(𝑟̅ = 1)
𝜕𝑟̅

(10)

Where Bi, the Biot number has been introduced and is defined by Bi = h-ro/k. Redefining the dimensionless
variables with the substitutions made above gives:
𝑟
𝑟𝑜

(11)

(𝑇 − 𝑇∞ )𝑘
𝑞′′𝑟𝑜

(12)

𝑡𝛼
𝑟𝑜 2

(13)

𝑟̅ =

𝑇̅ =

𝑡̅ =

Therefore, the equations that define a transient solution to problem 1 are represented by Eq. (8) with the
boundary conditions Eq. (9-10). Equations (11-13) can be used to reach a solution for T(r,t). In this case,
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the problem is analyzed at steady state which removes the time dependence in the equation. Equation
(8) is simplified to:
𝑑2 𝑇̅ 1 𝑑𝑇̅
+
=0
𝑑𝑟̅ 2 𝑟̅ 𝑑𝑟̅

(14)

Rewriting the left hand of Eq. (14):
1 𝑑 𝑑𝑇̅
[𝑟̅ ] = 0
𝑟̅ 𝑑𝑟̅ 𝑑𝑟̅
Multiplying by r and carrying out the first integration yields:

𝑟̅

𝑑𝑇̅
= 𝐶1
𝑑𝑟̅

C1 represents the constant of integration. Dividing both sides of r and performing the second integration
gives the solution for 𝑇̅(𝑟̅ ):
𝑇̅(𝑟̅ ) = 𝐶1 ln 𝑟̅ + 𝐶2
Applying the boundary conditions as defined by Eq. (9-10) gives the analytical solution to the temperature
distribution through the finless sleeve:
1
𝑇̅(𝑟̅ ) = 𝑎 ( − ln 𝑟̅ )
𝐵𝑖

(15)

To solve for the temperature of the transformer, Eq. (15) is evaluated at ri:
𝑟𝑖
𝑟𝑖 𝑘
𝑟𝑖
𝑇̅ ( ) = (
− ln )
𝑟0
𝑟𝑜 ℎ𝑟𝑜
𝑟0
Values are then plugged in for the thermal conductivity, convective heat transfer coefficient, and the radii:
170𝑊
𝑟𝑖
1.35𝑚
1.35𝑚
1
2
𝑇̅ ( ) =
( 𝑚 𝐾
− ln
) = 3.49482
30𝑊
𝑟0
1.5𝑚
1.5𝑚
𝑚
∗ 1.5𝑚
𝑚2 𝐾
11

T(r) is then found using Eq. (12):

3.49482

1 (𝑇 − 𝑇∞ )𝑘
=
𝑚
𝑞′′𝑟𝑜

Again, plugging in for ambient temperature, thermal conductivity, outer radius, and heat flux:
170𝑊
1 (𝑇 − 305𝐾) 𝑚2 𝐾
3.49482 =
1687.5𝑊
𝑚
∗ 1.5𝑚
𝑚2 𝐾

Solving for T gives the analytical solution for the surface temperature of the transformer for problem 1:
𝑇(1.35𝑚) = 357.037𝐾

2.2 Comparison with Numerical Model
SolidWorks Simulation package is used to numerically calculate the temperature of the sleeve on
the inner surface as well as the temperature distribution throughout the sleeve. The geometry used in
Fig. 3 is used, Al 6061 is chosen as the material, and boundary conditions are applied. A 2D simplification
is used since the temperature is assumed to not vary in the axial direction. Convection is specified on the
outside edge of the sleeve as shown in Fig. 6 below.

12

Figure 6: Convection boundary condition on the finless sleeve. Note that h=30 W/m2-K and the ambient
temperature is 305 K.

Similarly, the heat flux boundary condition calculated by 𝑞 ′′ =

𝑞′′′𝑉
is applied to the sleeve’s inner surface
𝐴

which can be seen in Fig. 7.

Figure 7: Heat flux boundary condition on the inner sleeve surface. q’’=1687.5 W/m2.

A mesh for the geometry is now generated in order to solve the numerical calculations. In order
to ensure that the results are accurate, the mesh is refined several times until the surface temperature of

13

the sleeve does not vary with mesh density. Selecting a fine automatic mesh that SolidWorks generates is
sufficient for this study. A closeup of the mesh is shown in Fig. 8.

Figure 8: Closeup of the mesh density that is used to calculate the temperature distribution in the finless
sleeve. This mesh is dense enough that the temperature no longer changes with a change in mesh size.

The simulation is then run and analyzed for the desired results. Figure 9 shows the temperature
distribution throughout the sleeve on the geometry.

Figure 9: Finless sleeve temperature distribution shown on the model geometry.
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Inspection of Fig. 9 shows that the maximum temperature occurs on the inner surface of the
sleeve. This value of 357.037 K is identical to the analytical solution obtained in the previous section. In
order to confirm that the numerical simulations and analytical solution are the same, the temperature
from the simulations are plotted against the analytical solution at the same radius. The values of the
temperature in the sleeve are obtained in SolidWorks by “probing” along the radius. Table 1 lists the result
of this probe.

Table 1: Temperature as a function of z (radius) for the finless sleeve from SolidWorks Simulation.
Node
395
4250
396
4248
397
4245
398
4242
399
4240
400
4237
401
5427
1

Value (Kelvin) X (m)
357.037
356.931
356.826
356.722
356.618
356.516
356.413
356.313
356.212
356.113
356.013
355.916
355.818
355.721
355.625

Y (m)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Z (m)
-1.35
-1.36071
-1.37143
-1.38214
-1.39286
-1.40357
-1.41429
-1.425
-1.43571
-1.44643
-1.45714
-1.46786
-1.47857
-1.48929
-1.5

Figure 10, a snip of an excel worksheet, shows how the values of Tbar and subsequently T(r) are
obtained analytically using (15).
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Figure 10: Analytical calculation of T for the values of r that correspond to the locations of the probe in
table 1.

When the numerical and analytical results are plotted together, it is clear that the simulation has
been validated. Figure 11 below shows the graph of the comparison.

Temperature [K]

Problem 1- Finless Sleeve Temperature
Profile
358
356

Analytical

354
1.35 1.37 1.39

1.41 1.44
1.46 1.48
1.50

Numerical

Radius [m]

Figure 11: Graph of analytical vs numerical data for the finless sleeve shows that the simulation is indeed
validated.

16

3. 3D Numerical Simulation Setup
Since the 2D simulation has been validated analytically using the heat equation, work can begin
on the 3D simulations. In SolidWorks Flow Simulation 2016, the Project Wizard is used to aide in the setup
of the problems. The first step in the Wizard is to select the unit system in which the problem will be
solved. The default unit system of SI (m-kg-s) is chosen for simplicity. Next, several options are presented
to most accurately represent the problem. In this case, external flow is chosen since air will be flowing
over the outside of the transformer. Heat conduction in solids is selected since the transformer is
generating heat. Most importantly, gravity is turned on in the y-direction to introduce the buoyancy
effects of the fluid as it is heated by the transformer, thus driving the natural convection. Figure 12 below
shows this step in the Wizard.

Figure 12: Simulation Wizard selections for analysis type. Gravity is in the y-direction.

Next, the default fluid of the simulation is chosen, which in this case is air. The flow characteristics
are also chosen to be laminar and turbulent, meaning that SolidWorks will define turbulence parameters
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which will be introduced if the flow enters the turbulent regime. This strategy will be discussed more in
later sections. Once the fluid has been selected, the default solid is selected. Aluminum 6061 alloy is
chosen as the material for the transformer; material properties as defined by SolidWorks were introduced
in Fig. 5. These selections are important since the program will be using the built-in material properties to
properly model the heat conduction through the solid as well as the flow around the transformer. Wall
roughness can now be added to the simulation, but in this case the value is kept at zero. Future work
could investigate the effects of wall roughness on the flow between the fins. Finally, initial and ambient
conditions are selected. Figure 13 shows the selections for these simulations.

Figure 13: Initial conditions for the transformer in natural convection. Ambient temperature and
pressure are chosen as 293.2 K and 101325 Pa- atmospheric conditions. Zero velocity parameters are
defined to model still air that is only affected by the transformer heat.

Now that all the steps have been completed in the Simulation Wizard, the project has been
generated. The default computational domain for the simulation can be seen in Fig. 14 below. This default
scenario of 22x22m is unnecessarily large for this simulation, so the computational domain is reduced
manually. Symmetry boundary conditions are imposed in the x and z-directions in order to greatly reduce
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the computational space, while the domain in the y-direction is kept sufficiently large enough to properly
model the flow that will be induced from natural convection. Figure 15 shows the domain once these
simplifications have been applied.

Figure 14: Default computational domain generated by the Flow Simulation package is far too large for a
calculation with a dense mesh.
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Figure 15: Computational domain with simplifications. The shaded grey region is the actual volume that
is used in calculations, and the dashed region represents the total volume that is reduced by the use of
symmetry in the x and z-directions.

With the computational domain properly defined, the next option in the Flow Simulation Analysis
tree, shown in Fig. 16, is completed.

Figure 16: Flow Simulation Analysis tree used to generate the appropriate conditions for the simulation.
No fluid subdomains are defined since the entire fluid domain is assumed to be air.

Boundary condition options in the Simulation package include flow openings, where inlet
velocities or mass flow rates can be defined, pressure openings of environmental or static pressure, and
wall conditions. Since the transformer is in open space without any implied flow conditions, the only
boundary condition applied is the real wall condition to the entire surface of the solid. Wall parameters
are defined as the default value of 293.2 K, the ambient temperature, a roughness value of zero
micrometers, and a heat transfer coefficient that is also kept at zero. If there was a constant heat flux over
the entire outside boundary of the solid, the heat transfer coefficient parameter could be defined, but
since it is assumed that the value will vary in the y-direction, it is kept at the default value.
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Heat sources are now added to the problem. Since only the transformer is generating heat, a volumetric
heat generation source of 2500 W is applied to the cylindrical volume only, not the sleeve with fins. This
source is highlighted below in Fig. 17. As discussed earlier in the analytical solution, this volumetric source
could be simplified into a heat flux boundary condition on the inner surface of the sleeve if the problem
is to be evaluated at steady-state only. For these 3D simulations, the volumetric heat density is kept as
the heat source in order to maintain the geometric volume of the transformer.

Figure 17: Heat Generation Rate of 2500 W applied to the transformer volume.

The next section of the simulation tree, goals, are now to be chosen. These goals will be output in
the calculations and can be chosen as convergence criteria to ensure that the values generated are of
sufficient accuracy. There are hundreds of potential goals that can be selected in the global domain, on
surfaces, at points in the model, or over volumes in the model. Some goals that can be selected are
temperatures, velocities, Mach numbers, pressures, densities, turbulence parameters, normal forces,
shear forces, torques, etc. The list of goals chosen for these simulations is shown below in Fig. 18.
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Figure 18: Goals selected for each of the simulation studies.

The first group of goals, beginning with GG represent global goals that will be tracked over the
entire computational domain. Max velocity is chosen to examine the change in flow velocities over the
three different pin configurations. Global turbulent parameters are chosen for some insight into how the
application deals with turbulent regimes. Next, the temperature of the solid and the surrounding fluid
temperature is chosen at the surface of each of the small pins. These values will be used to calculate the
Rayleigh number for the natural convection to determine where the transition to the turbulent regime
takes place. Then, surface goals of maximum solid and fluid temperature, max heat flux, and max heat
transfer rate are chosen on the surfaces between the fins. These values are chosen to observe the change
in temperatures with the number of fins. Finally, the last goal that doesn’t appear in the list shown in Fig.
18 is the maximum temperature of the transformer volume. This is the main goal of the simulations and
will be used as the main criteria for evaluating the different configurations.
The last, and arguably most important step in the simulation setup is to define the mesh used for
calculations. Selections for the mesh will be given in this section, but a more in-depth review of the
meshing process and optimization will be given in the next section. As seen in Fig. 16, 2 different meshes
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are generated. The first, a global mesh, defines the level of initial mesh for the entire computational
domain. For these studies, a level of 3 out of a possible 7 is selected, and the option of uniform mesh is
chosen. This very basic mesh will comprise the whole domain of the problem for both fluidic and solid
cells. Next, a local mesh is generated around the transformer solid. The program gives several options on
how to define the location of the local mesh- a cuboid region is chosen for these simulations. Figure 19
below shows the local mesh highlighted in green around the transformer solid.

Figure 19: Local mesh defined by a rectangular prism that encompasses the entire transformer solid with
adequate surrounding fluid volume. This region will be more greatly refined to improve calculation
results.

There are several options for refining the mesh in the local region including refining solid cells,
fluidic cells, and cells on the fluid/solid boundary. Advanced refinements are used in order to generate
more cells around the small solid features of the horizontal pins. A manual parametric study was
conducted in order to determine the minimum mesh size necessary to reach convergence in the
simulation goals. This parametric study and other mesh topics will be discussed in greater detail in later
chapters. Once the mesh has been generated that will produce accurate results, the simulation setup is
complete and calculations can now begin.
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3.1 Mesh Independence Parametric Studies
In order to prove that the results generated by the simulations are accurate, a mesh
independence study has to be performed. This involves running the calculations with meshes of increasing
density until the values of the goals no longer change with the number of cells. At first, this was done
manually by creating meshes of varying density while keeping all other inputs constant. It was found that
the fluid temperature and velocity at points between the fins tended to vary more drastically than the
temperature of the solid, so these goals were chosen as the criteria for convergence in the parametric
studies. While the temperature of the solid stopped varying with cell count at around 2.5 million cells, the
fluid velocity and temperature took longer to converge as shown in Fig. 20-21 below.

Figure 20: Parametric study of the maximum fluid temperature as a function of number of cells.

Figure 21: Parametric study of the maximum fluid velocity as a function of number of cells.
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From the graphs, there is significant change in both the fluid temperature and velocity before the
number of cells approaches 4,000,000. This number will now be the base value used for each mesh to
ensure that the solution is independent of the grid density.
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4. SolidWorks Flow Simulation
4.1 Mesh Generation
This chapter will discuss mesh generation, calculation format, and boundary layer treatment as
defined in the White Paper which was presented at the NAFEMS World Congress 2013 [17]. SolidWorks
Flow Simulation is a finite-volume based CFD program that models fluid flow using the Navier-Stokes
equations. This program is an addon to the regular SolidWorks package, that is used to generate the CAD
model of the geometry.
Mesh generation is accomplished by using Cartesian-based meshes that are independent of the
model geometry. This technique generates cubic cells that are adjacent to each other as well as the
boundary of the computational domain. The cells are also oriented along the Cartesian coordinates of the
CAD geometry. Since Cartesian-based meshes cannot generally form fit to the surfaces of the geometry,
partial cells consisting of fluid and solid volume will be generated at the fluid/solid boundary. The mesh
can then be refined by splitting the cubic cells into a maximum of 8 similarly shaped cuboids to properly
represent surface boundaries of the geometry. Since the CAD model is native to the program, it can easily
identify solid edges or boundaries of the solid model and can then refine the mesh more accurately. These
refinements can be done manually as was illustrated in the previous section with the mesh independence
parametric studies, or this process can be automated by built in SolidWorks functions that will be
discussed in detail later in the chapter.

4.2 Flow Simulation Equations
Once a suitably dense mesh has been generated, each individual cell, or control volume, is ready
for calculation. First, the area and normal vector direction for each face of each cell are calculated using
26

the CAD geometry. Then the appropriate equations can be applied to the cells depending on their typefluid flow equations for fluidic cells, and heat conduction and direct electrical current for solid cells.
Navier-Stokes equations are used to formulate the fundamental conservation laws of mass, momentum,
and energy as seen below in Eq. (16-19):
𝜕𝜌 𝜕(𝜌𝑢𝑖 )
+
=0
𝜕𝑡
𝜕𝑥𝑖
𝜕(𝜌𝑢𝑖 )
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+
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𝜕
𝑅
(𝜏 + 𝜏𝑖𝑗
) + 𝑆𝑖
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𝜕
𝜕𝑝
𝑅
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𝜕𝑥𝑖
𝜕𝑥𝑖
𝜕𝑡
𝜕𝑢
𝑖
𝑅
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+ 𝜌𝜖 + 𝑆𝑖 𝑢𝑖 + 𝑄𝐻
𝜕𝑥𝑗

(16)

(17)

(18)

Where H is defined by:

𝐻=ℎ+

𝑢2
2

(19)

These equations are then supplemental equations of state, and by empirical relationships for
density, viscosity, and thermal conductivity as a function of temperature in order to describe the flow.
Since the program deals with laminar and turbulent regimes, a turbulence closure model must be used.
Local Reynolds numbers, defined in Eq. (20), are used to determine whether the flow is laminar or
turbulent.

𝑅𝑒 =

𝑢𝐿
𝜈
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(20)

Where 𝑢𝐿 is the product of scaled velocity and length, and 𝜈 is the kinematic viscosity of the fluid.
Favre-averaged Navier-Stokes equations are used to predict the effects of turbulent flows; time-averaged
effects of turbulence on the flow are measured, while large-scale, time-dependent phenomena are taken
into account directly. Using this procedure generates a 9x9 matrix comprised of criteria known as Reynolds
Stresses. In order to solve this large system of equations, a turbulence closure scheme must be used.
SolidWorks Flow Simulation calculates the turbulent kinetic energy and dissipation rate using the k-ε
model to solve the system of Reynolds Stresses.
A more accurate model to predict wall turbulence using the k-ε model was developed by Lam and
Bremhorst [18] incorporates damping functions into the following turbulence conservation laws:
𝜕𝜌𝑘 𝜕𝜌𝑘𝑢𝑖
𝜕
𝜇𝑡 𝜕𝑘
+
=
((𝜇 + )
)+
𝜕𝑡
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𝜕𝑥𝑖
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𝑅
𝜏𝑖𝑗

𝜕𝑢𝑖
− 𝜌𝜖 + 𝜇𝑡 𝑃𝑏
𝜕𝑥𝑖

(21)

𝜕𝜌𝜖 𝜕𝜌𝜖𝑢𝑖
𝜕
𝜇𝑡 𝜕𝜖
+
=
((𝜇 + )
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𝜕𝑥𝑖
𝜕𝑥𝑖
𝜎𝜖 𝜕𝑥𝑖
𝜖
𝜌𝜖 2
𝑅 𝜕𝑢𝑖
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+ 𝐶𝐵 𝜇𝑡 𝑃𝐵 ) − 𝑓2 𝐶𝜖2
𝑘
𝜕𝑥𝑗
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(22)

𝜏𝑖𝑗 = 𝜇 𝑠𝑖𝑗

(23)

2
𝑅
𝜏𝑖𝑗
= 𝜇𝑡 𝑠𝑖𝑗 − 𝜌𝑘𝛿𝑖𝑗
3

(24)

𝑠𝑖𝑗 =

𝜕𝑢𝑖 𝜕𝑢𝑗 2 𝜕𝑢𝑘
+
− 𝛿
𝜕𝑥𝑗 𝜕𝑥𝑖 3 𝑖𝑗 𝜕𝑥𝑘

𝑃𝐵 = −

𝑔𝑖 1 𝜕𝜌
𝜎𝐵 𝜌 𝜕𝑥𝑖

Where the following coefficients are defined as:
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(25)

(26)

𝐶𝜇 = 0.09
𝐶𝜖1 = 1.44
𝐶𝜖2 = 1.92
𝜎𝑘 = 1
𝜎𝜖 = 1.3
𝜎𝐵 = 0.9
𝐶𝐵 = 1 𝑖𝑓 𝑃𝐵 > 0, 𝐶𝐵 = 0 𝑖𝑓 𝑃𝐵 < 0
The turbulent viscosity is found by using Eq. (27):
𝐶𝜇 𝜌𝑘 2
𝜇𝑡 = 𝑓𝜇 ⋅
𝜖

(27)

The damping function proposed by Lam and Bremhorst is found with:
2

𝑓𝜇 = (1 − 𝑒 −0.025𝑅𝑦 ) ⋅ (1 +

20.5
)
𝑅𝑡

(28)

Where:

𝑅𝑦 =

𝜌√𝑘𝑦
𝜇

(29)

𝜌𝑘 2
𝑅𝑡 =
𝜇𝜖

(30)

Here y is the distance from a point to the wall. Finally, the damping functions f1 and f2 are determined
by:
0.05
𝑓1 = 1 + (
)
𝑓𝜇
29

3

(31)

2

𝑓2 = 1 − 𝑒 𝑅𝑡

(32)

These damping functions, f1, f2, and f𝜇 decrease the turbulent viscosity and turbulence energy
and increase turbulence dissipation rate when the Reynolds number defined in Eq. (29) becomes too
small. When the damping functions equal 1, the calculations revert back to the original k-ε model. Lastly,
the heat flux is defined by:
𝜇
𝜇𝑡 𝜕ℎ
𝑞𝑖 = ( + )
, 𝑖 = 1,2,3
𝑃𝑟 𝜎𝑐 𝜕𝑥𝑖

(33)

Where the constant 𝜎𝑐 =0.9, Pr is the Prandtl number, and h is enthalpy. In combination, Eq. (1633) accurately model the flow characteristics in either the laminar or turbulent regime without the need
to specify initial conditions.
Solid regions in SolidWorks Flow Simulation are subjected to both heat conduction and direct
electrical current, producing Joule heating that will be used as a source of heat in the energy equation
described in Eq. (18,19). Since there is no electrical heating modeled in these simulations, only conduction
will be considered. Heat conduction through the solid material is described by Eq. (34):
𝜕𝜌𝑒
𝜕
𝜕𝑇
=
(𝜆𝑖
) + 𝑄𝐻
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑖

(34)

Where e represents the internal energy, defined by the specific heat of the material multiplied by
the absolute temperature. 𝑄𝐻 is defined by the specific heat release or absorption rate per unit volume.
𝜆𝑖 are the eigenvalues of the thermal conductivity tensor which is considered diagonal for an isotropic
material. Therefore 𝜆1 = 𝜆2 = 𝜆3 = 𝜆.
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4.3 Boundary Layer Treatment
Cartesian based meshes have proven effective at managing CAD data in an efficient and robust
manner, but struggle to resolve boundary layers on coarse meshes. The following approaches seek to
minimize this shortfall and accurately describe the flow close to walls. Since the mesh at the solid/fluid
boundary may be too coarse for the application of the complete Navier-Stokes equation, the Prandtl
approach for boundary layers is used to ensure that the boundary layer region is properly defined.
SolidWorks incorporates an original approach called the Two-Scale Wall Function (2SWF) to
couple the boundary layer calculations with the flow solution outside of the boundary layer. In the regions
where the number of cells across the boundary layer is inadequate for direct calculations, a “thin”
boundary layer treatment is used. Alternatively, when the boundary layer thickness can be properly
described by the number of cells, a “thick” boundary layer treatment can be used. These 2 approaches
have been thoroughly vetted and were validated by Balakine et al. [19].
For “thin” boundary layers, the Prandtl equations are solved along fluid streamlines spanning from
the wall to the boundary layer thickness, 𝛿. In the case of laminar flow conditions, these equations are
solved along with Shvetz trial functions technology which was introduced in by Ginzburg [20]. Turbulent
or transitional boundary layers are more complex and require more approximations to reach a solution.
In this case, the Van Driest hypothesis of mixing length is used [21]. Roughness, which isn’t considered for
these simulations, and turbulence from outside flow rely on semi-empirical relations to define their effect
on the boundary layer and correct the wall shear stress and heat flux from the fluid to the wall.
Compressibility, turbulent kinetic energy dissipation, and body forces are treated in a similar fashion.
Using these calculations, the boundary layer thickness, wall shear stress, and heat flux from the fluid to
the wall are obtained for use as boundary conditions for the Navier-Stokes equations. Conditions for the
k-ε model near the wall are defined by:
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𝜕𝑘
=0
𝜕𝑦

𝜖=

𝐶𝜇0.75 𝑘1.5
𝑘𝑦

(35)

(36)

In the other case, when there are enough cells to correctly calculate the boundary layer, NavierStokes equations can be used directly in the laminar flow regime. When turbulence is present, a modified
version of the wall function that uses the profile defined by Van Driest rather than a simple logarithmic
velocity profile. Eq. (37) describes this profile:
𝑢+ =
2 ⋅ 𝑑𝜂

𝑦+

∫
0

1 + √1 +

4 ⋅ 𝐾2

⋅ 𝜂2

𝜂 2
⋅ [1 − exp (− )]
𝐴𝜈

(37)

Where K=0.4054 is the Karman constant, and 𝐴𝜈 =26 is the Van Driest coefficient. Equations (3537), when coupled with the general Navier-Stokes equations, sufficiently model boundary layer conditions
for cells that are near to walls.

4.4 Flow Simulation Adaptive Mesh
SolidWorks Flow Simulation has a built in adaptive mesh technique that greatly cuts down the
amount of time that is required to ensure an accurate solution that is grid independent. Rather than
performing numerous parametric studies that relate the number of cells in the study to a particular goal,
the program spits the cells in high-gradient flow regions and merges the cells in low-gradient regions
based on the results of the calculations described in the previous section. In order for the program to track
the regions where mesh refinement is required, indicator functions for the mass, energy, and species
conversation laws (𝐶𝑚 , 𝐶𝜌 , 𝐶𝑒 , 𝐶𝑦 ) are required. These indicators are used to determine where the location
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truncation error (LTE) is large enough to justify a mesh refinement or small enough to coarsen the mesh.
The indicator function for the momentum conservation is expressed as:

𝐶𝑚 = 𝛤 (

𝜂
𝜂𝑚𝑖𝑛

Γ=1+(

, 𝑓𝑜𝑎𝑚) ⋅ ℎ ⋅ 𝑆

(38)

− 1) ⋅ 𝑓𝑜𝑎𝑚

(39)

𝜂
𝜂𝑚𝑖𝑛

Where 𝑆 = √0.5 ⋅ 𝑆𝑖𝑗 ⋅ 𝑆𝑖𝑗 is a convolution of the strain rate tensor, 𝜂 is the total number of
adjacent cells, 𝜂𝑚𝑖𝑛 is the number of the coordinate directions in which at least one cell is an adjacent
cell, 𝑓𝑜𝑎𝑚 is the cell level gap displacement factor, which shifts the region where the mesh cells must be
split to the area where the LTE is definitely small, and h is the characteristic cell size defined by:
𝜕𝑢𝑖
|ℎ
𝜕𝑥𝑗 𝑗
ℎ=
𝜕𝑢
∑ 𝑖 ≠ 𝑗 ∑ 𝑗 | 𝑖|
𝜕𝑥𝑗
∑𝑖 ≠ 𝑗∑𝑗|

(40)

Where u represents the fluid velocity. The indicator functions for the mass, energy, and species
conservation laws are shown in Eq. (41-43):
1

2 2
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𝜌 𝜕𝑥𝑖
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𝜕𝑦
𝐶𝑦 = Γ ⋅ [∑ (
ℎ𝑖 ) ]
𝜕𝑥𝑖
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𝑖

Once the indicator functions have been calculated, they are then compared to limiting values
which are determined automatically for each refinement cycle. Mesh splitting or merging will then take
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place depending on how the calculated indicator functions compare with the automatically generated
limiting values.
The adaptive mesh procedure as defined in Eq. (38-43) takes place in the background of the flow
simulation program with minimal input from the user. Certain variables are available to control the
refinement process which are presented by SolidWorks in the flow simulation calculation control options,
shown below in Fig. 22.

Figure 22: Calculation Control Options dialogue box used to specify criteria for the adaptive mesh
refinements.

The first settings to be adjusted are the maximum refinement level for each mesh. Values of 3
and 5 are chosen for the global and local meshes respectively. Recalling the information on mesh
refinement presented in the beginning of the chapter, this means that the Cartesian-based cuboid
geometry of the mesh cells can be split 3 times in the global domain and 5 times in the local region
surrounding the transformer volume. Next, the approximate maximum cells is set to a value of 4,000,000
which was determined to be required mesh density to reach convergence in the fluid temperature and
velocity as graphed in Fig. 18. Therefore, the mesh refinement process will not produce meshes that have
greater than 4,000,000 cells. Several options are available for the refinement strategy- tabular, periodic,
or manual only refinement. Periodic refinement allows the user to specify the moment of first refinement
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in the calculation process as a value of travels through the whole model or as iterations. A period is then
chosen over which the subsequent refinements will take place. Manual only refinements removes
scheduled refinements and relies on user input to start the refinement process. Tabular refinement, which
is used in these simulations, uses a table of refinements specified by the user. Like the periodic
refinements, either travels or number of iterations are chosen as variables to begin the mesh refinement.
The relaxation interval is the amount of travels or iterations that must take place after the last refinement
has taken place, ensuring that the calculation has enough time to reach convergence with the newly
adapted mesh. Using the calculation control options and adaptive mesh refinement significantly reduced
the amount of time spent on generating and running each simulation.
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5. Results
5.1 Adaptive Mesh
Figures 23-25 show the resulting mesh that SolidWorks generated using the adaptive mesh
technique. The mesh generated is dense enough to capture the flow velocities and temperatures through
the transformer fins with great accuracy. Notice the area of increased refinement above the transformer
where the fluid velocities are maximized, generating the largest divergences. The curved profile of the
yellow region, denoting a refinement of 4 from the original global mesh, is generated to better compute
the flow at the top of the transformer. At this location, the flow begins to recirculate before continuing in
the vertical direction. This phenomenon will be examined more carefully in the subsequent section.

Figure 23: Adaptive mesh generated for the fluid region for the simple transformer with 40 fins and no
pins.
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Figure 24: Close up of the mesh with the model geometry hidden. The orange and red sections show the
increased mesh density at the fluid/solid boundary in the fin channels.

Figure 25: Mesh generated on the solid transformer fins.
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5.2 Fluid Velocity
As expected, the fluid surrounding the transformer will be heated by the surface and begin to rise,
driven only by natural convection. Each simulation saw similar flow fields; air velocity increases along the
fin channels from the bottom of the transformer until it reaches the top edge. At this point the air begins
to recirculate and form an eddy at the top surface of the transformer. Figures 26-27 show the flow
trajectories for the default transformer, with every face acting as a starting point for the fluid particles.
Figures 28-29 show the same for configuration 1, but in this case only the surfaces on and between 3 fins
are chosen as fluid starting points to contrast with the other images. Finally, Fig. 30-31 show the
trajectories for configuration 2. In each figure, the color of the arrows represents the temperature of the
fluid. The images clearly show surrounding air at the initial temperature of 293 K being drawn toward the
base of the transformer. Once the air contacts the sleeve surface, the temperature immediately begins to
rise. The temperature and velocity of the air increases as it travels up the fin channels until it reaches the
top edge. This sudden change of geometry causes the flow field to break down and causes recirculation
on the top section of the transformer. The majority of the fluid then travels straight up due to natural
convection from the top of the transformer since it is less dense than the surrounding air.
Cut plots showing the fluid velocity through the fin channels are shown next in Fig. 32-33. The
plots are both for sleeves with 40 fins- Fig. 32 is of configuration 2 which is compared to the default sleeve
in Fig. 33. There is a clear difference in how the how velocity develops around the transformers when
examined side by side. The velocity profile for the default configuration is steady and consistent,
increasing to the maximum velocity shown in Fig. 33 at the top edge of the transformer. Alternatively, the
velocity profile for configuration 2 is much less uniform. Disturbances in the flow from the horizontal pins
are evident and cause an increase in velocity that radiates outwards from the sleeve surface. Figure 34, a
close up of the flow velocity around the pins, shows detail of these disturbances. There are also small
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regions just beyond the pins where the velocity approaches zero. Despite these regions of low velocity
along the sleeve surface, the velocity at the top edge of the transformer reaches a higher value than that
of the default configuration. This increased velocity at the top edge and from the disturbances caused by
the pins are factors that prove to amplify heat transfer.
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Figure 26: Flow trajectory for the default transformer with 40 fins.
40

Figure 27: Isometric view of Fig. 28.
41

Figure 28: Flow trajectory for configuration 1 between 3 fins only.
42

Figure 29: Isometric view of the flow trajectories above.
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Figure 30: Flow trajectory for configuration 2.
44

Figure 31: Isometric view of Fig. 30.
45

Figure 32: Cut plot showing the fluid velocity for the default configuration.

46

Figure 33: Cut plot showing the fluid velocity for configuration 2.
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Figure 34: Close up of the fluid velocity at the top edge of the transformer for configuration 2.

A list of the maximum fluid velocities is presented below in Table 2. Note that the average increase
in velocity for configuration 1 is 3.24% and 12.87% for configuration 2. Only one data point, configuration
1 with 30 pins, lists a decrease in velocity over the default case which leads to skepticism about the
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accuracy of the results. If this data point is ignored, the average increase in velocity for configuration 1
over the default case is 7.15%. Since the convective heat transfer coefficient is directly coupled with flow
velocity, these increases will correspond with an increase in heat transfer.

Table 2: Maximum fluid velocities for each configuration.
Maximum Fluid Velocity [m/s]
# of Fins
30
40
50
60

Default
1.520
1.485
1.513
1.674

Config. 1
1.391
1.585
1.671
1.745
Average Change:

% Change
-8.48%
6.73%
10.49%
4.23%
3.24%

Config. 2
1.650
1.729
1.688
1.923

% Change
8.53%
16.39%
11.62%
14.92%
12.87%

Figure 35 shown below is a graphical representation of the data presented in Table 2.

Max Fluid Velocity

Velocity [m/s]

Default

Config. 1

Config. 2

1.9
1.7
1.5

1.3
30

40

50

60

Number of Fins
Figure 35: Maximum fluid velocities graphed for each configuration.
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5.3 Transformer Temperature Comparison
The maximum temperature of the transformer volume is considered the main goal for the
simulations. In the real world, this goal would correspond with the maximum temperature of the internal
volume which should be minimized in order to protect electrical components and increase electrical
efficiencies. Presented below in Fig. 36, the 3 different geometries are graphed over the number of fins.
Table 3 shows the maximum values tabulated, and table 4 shows ΔT, which is the difference in the
maximum transformer volume and the inlet temperature of the fluid, 293 K. The overall trend of the
temperature is to decrease with number of fins- this makes sense since adding fins increases the surface
area of the transformer sleeve, allowing it to dissipate more heat.

Table 3: Maximum transformer temperature for each configuration
# of Fins
30
40
50
60

Maximum Transformer Temperature [K]
Default
Config. 1
% Change Config. 2 % Change
332.309
331.618
0.21%
331.569
0.22%
327.926
326.819
0.34%
326.103
0.56%
323.267
324.532
-0.39%
321.304
0.61%
321.298
322.472
-0.37%
319.085
0.69%
Average Change: -0.05%
0.52%

Table 4: ΔT for each configuration.
# of Fins
30
40
50
60

Default
39.309
34.926
30.267
28.298

ΔT [K]
Config. 1
% Change
38.618
1.76%
33.819
3.17%
31.532
-4.18%
29.472
-4.15%
Average Change: -0.85%

50

Config. 2 % Change
38.569
1.88%
33.103
5.22%
28.304
6.48%
26.085
7.82%
5.35%

Figure 36: Maximum transformer volume temperature graphed as a function of number of fins for the 3
geometries.

Interestingly, the values for the temperature for the second case, when pins are only added to
the base of the sleeve, do not decrease as consistently with number of fins. Temperatures were decreased
for the first 2 cases, with a 1.76% improvement with 30 fins, and a 3.17% improvement with 40 fins.
However, the temperature for the last 2 cases increased over the default geometry without pins. 50 and
60 fins saw an increase in the maximum temperature of 4.18% and 4.15%, despite the fact that the surface
area increased 0.39% from adding pins to the sleeve base. Intuitively, increasing the surface area of the
sleeve should transfer more heat, decreasing the maximum temperature of the transformer, but the
average change in max temperature actually decreased for configuration 1. Clearly, adding surface area
alone does not always increase heat transfer through convection.
Temperature profiles will now be examined. Figure 37 shows a cut plot taken in the channel
between the fins of the fluid temperature with velocity represented by arrows. Figures 38-40 show the
same cut plot with the solid body hidden for each configuration with 40 fins. Similar to the results for the
velocity field, the addition of pins to configurations 1 and 2 disturbs the temperature profile. Pins on the
sleeve base only- configuration 1- only slightly changes the temperature profile over the default case
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which shows a nice and smooth transition from the bottom of the transformer to the top. In configuration
2, where pins are on the sleeve base as well as the fins, the temperature profile changes dramatically.
Regions of high temperature appear behind the pins which correspond to the low-flow regions highlighted
in Fig. 34. The profile also gets pushed farther away from the transformer surface, affecting a larger area
of fluid. In Fig. 41-43, a zig-zag pattern appears. This is not representative of the isothermal lines, but
rather shows the resolution of the mesh at very small distances.

Figure 37: Isometric view of config. 1 shown with a cut plot of fluid temperature between the fins.

Below the temperature cut plots, surface plots of the transformer temperature can be seen in Fig.
44-46. The plots are graphed with the same temperature scales to highlight differences between the 3
configurations. There are notable differences, especially between the default configuration and
configuration 2. The addition of the pins to the sleeve base and the fins clearly augments the heat transfer
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from the transformer volume. The top and bottom of the fins in Fig. 46 are at or below 323 K, significantly
less than the same location in Fig. 44, which shows a temperature around 324.8 K.
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Figure 38: Cut plot of fluid temperaturedefault configuration.

Figure 39: Cut plot of fluid temperatureconfiguration 1.
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Figure 40: Cut plot of fluid temperatureconfiguration 2.

Figure 41: Close up of Fig. 38.

Figure 42: Close up of Fig. 39.
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Figure 43: Close up of Fig. 40.

Figure 44: Transformer surface temperature- default configuration.
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Figure 45: Transformer surface temperature- configuration 1.
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Figure 46: Transformer surface temperature- configuration 2.

58

5.4 Convective Heat Transfer Coefficient
The convective heat transfer coefficient is to be determined as a function of the number of fins
on the transformer sleeve for each of the 3 configurations. The equation for convective heat transfer is
given below in Eq. 44:
𝑞 = ℎ𝐴Δ𝑇

(44)

Where q is the heat transfer per unit time, h is the convective heat transfer coefficient, A is the surface
area through which the heat transfers, and ΔT is the difference in temperature from the surface to the
surrounding fluid. Rearranging Eq. (44) to solve for h gives:

ℎ=

𝑞
𝐴Δ𝑇

Now q must be determined. From the problem statement, the transformer is generating a heat
density of 2500 W/m3. In order to convert the volumetric heat density to heat transfer per unit time, the
density must be divided by the volume of the cylinder in which it is taking place. The volume of a cylinder
is shown below in Eq. (45):

𝑉 = 𝜋𝑟 2 𝐻

(45)

Here H is the height of the cylinder, and r is the radius. q is found by using Eq. (46):

𝑞=

𝑞 ′′′
𝑉

(46)

Solving for q:

2500
𝑞=

𝑊
𝑚3

2
2.7
𝜋 ( 2 𝑚) (3𝑚)
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= 42941.6 𝑊

A, the surface area, is given by SolidWorks and can be seen in Table 5. ΔT was calculated in Table
4 but will be shown again in Table 5. h is also calculated for each configuration and can be found at the
bottom of Table 5.
Table 5: Convective heat transfer coefficient calculated for each configuration.

Default

Config. Config.
1
2
A [m2]

# Fins
30
40
50
60

139.80
155.30
170.80
186.30

140.61
155.91
171.28
186.64

30
40
50
60

39.3088
34.9256
30.2669
28.2976

38.6183
33.8189
31.5320
29.4717

142.27
158.22
174.16
190.10

ΔT [°C]
38.5692
33.1028
28.3043
26.0852

h [W/m2-°C]
30
40
50
60

7.8141
7.9170
8.3066
8.1455

7.9080
8.1441
7.9510
7.8067

7.8257
8.1988
8.7112
8.6597

Figure 47: Graphical representation of the convective heat transfer coefficient per # of fins.
60

Figure 47 graphs the results of h over the range of fins for each configuration. Interestingly, the
value for h decreases for 60 fins versus 50 fins. Since the surface area increases with the addition of more
fins, intuitively the heat transfer should increase. It appears that the upper limit of number of fins for
these configurations to maximize heat transfer have been found. The peaks in the graph, 50 fins for the
default and config. 2, and 40 fins for config. 1, represent the maximum heat transfer with these specific
geometries. Figures 48-49 below shows the difference between 50 fins and 60 fins for configuration 2.

Figure 48: Configuration 2 with 50 fins.
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Figure 49: Configuration 2 with 60 fins.
The channel between the fins is where most of the natural convection will occur. When it becomes
too small, there will not be enough fluid area that will be exposed to the fin and pin area. Such is the case
in Fig. 49- the channel width is too small to maximize the heat transfer between fluid and solid surfaces.
Even though the surface area is increased overall, the convection is limited. Comparing cut plots of the
fluid temperature for configuration 2 for 50 and 60 fins, shown in Fig. 50-51, there are no obvious answers
for why h decreases between those 2 cases.
One area that might provide insight is the green wake at the top of the transformer. This area is
enlarged in Fig. 52-53. In Fig. 52, the wake is more solid and continues to the top edge of the image.
Alternatively, the wake in Fig. 53 is much smaller and quickly dissipates. This shows that there is less fluid
volume at the high temperature at the top edge of the transformer which causes the wake to be more
subject to the surrounding fluid temperature.
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Figure 50: Cut plot of fluid temperature for configuration 2 with 50 fins.
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Figure 51: Cut plot of fluid temperature for configuration 2 with 60 fins.
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Figure 52: Close up of the wake at the top edge of the transformer from Fig. 50.
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Figure 53: Close up of the wake at the top edge of the transformer from Fig. 51.
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6. Conclusion
In general, adding surface area through the use of fins is an effective way to augment heat transfer
through convection. When the space between the fins becomes too small, the heat transfer may be
limited since the amount of fluid that can enter the channel is reduced. This was shown to be the case in
Fig. 47. The graph showing the natural convective heat transfer coefficient has clear peaks for each
configuration, confirming that there are ideal geometries and numbers of fins to optimize heat transfer.
The addition of pins to the sleeve body only produced conflicting results. Since the surface area
of the sleeve increased with the addition of the pins, the heat flux through the sleeve should have been
increased. Configuration 1 with 30 and 40 fins did see a decrease in the maximum volume temperature
of the transformer, but the trend did not continue. Between 40 and 50 fins, the graph crossed over the
default configuration and actually increased the transformer temperature. Future studies could be
performed to find the exact number of fins at which this cross over takes place.
Configuration 2, placing pins on the sleeve base as well as on the fins, proved to be an effective
way to exploit the natural convection between the fin channels. There were substantial increases in the
heat transfer coefficient for all numbers of fins, an average of a 3.7% increase over the default
configuration. The addition of the pins disturbed the flow between the fins which caused more of the
surrounding fluid to be exposed to the transformer surface. The fluid and thermal boundary layers were
also disturbed, minimizing the effects these have on reducing heat transfer. Future work could look into
changing the shape of these pins to study the effect of shape on heat transfer and could also vary the
number of horizontal pins that are placed along the transformer sleeve. Like with the number of fins,
there is a number at which horizontal pins will actually increase the maximum temperature of the
transformer.
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This paper has been an in-depth look into SolidWorks Flow Simulation and has provided insight into the
inner-workings of the program. Having this knowledge will aide in future simulation work, saving time in
the setup, meshing, and solving of 3D fluidic systems.
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